ABSTRACT: Aseptic loosening is the main reason for revision of total hip arthroplasty, and relative micromotions between cementless acetabular cups and bone play an important role regarding their comparatively high loosening rate. Therefore, the aim of the present study was to analyze the influence of resulting frictional torques on the primary stability of press-fit acetabular cups subjected to two different bearing partners. A cementless press-fit cup was implanted in bone-like foam. Primary stability of the cup was analyzed by determining spatial total, translational, and rotational interface micromotions by means of an eddy current sensor measuring system. Torque transmission into the cup was realized by three synchronous servomotors considering resultant friction torques based on constant friction for ceramic-on-ceramic (CoC: m ¼ 0.044; max. resultant torque: 1.5 Nm) and for ceramic-on-polyethylene (CoP: m ¼ 0.063; max. resultant torque: 1.9 Nm) bearing partners. Rotational micromotion of CoC was 8.99 AE 0.85 mm and of CoP 13.39 AE 1.43 mm. Translational micromotion of CoC was 29.93 AE 1.44 mm and of CoP 39.91 AE 2.25 mm. Maximum total relative micromotions were 37.10 AE 1.07 mm for CoC and 51.64 AE 2.18 mm for CoP. Micromotions resulting from CoC were statistically lower than those resulting from CoP (p < 0.05). The described 3D-measuring set-up offers a novel in vitro method of measuring primary stability of acetabular cups. We can therefore conclude, that primary stability of acetabular cup systems can be observed using either the lower friction curve (CoC) or the higher friction curve (CoP). In future studies different cup designs or cup fixation mechanisms may be tested and compared in vitro and assessed prior to implantation. Each year more than 1,000,000 primary hip arthroplasties are performed worldwide, 1 with total hip arthroplasties (THA) being the most successful surgical procedures.
Each year more than 1,000,000 primary hip arthroplasties are performed worldwide, 1 with total hip arthroplasties (THA) being the most successful surgical procedures. 2 However, the revision rate of 75.3% 3 is very high and a main reason for revisions is aseptic loosening. Some authors report that cementless THAs have a lower survival rate due to aseptic loosening than cemented THAs. [4] [5] [6] Relative micromotion between THA and bone, that is, the slip between a cementless cup and the acetabular bone represents a critical parameter for primary stability. Pilliar et al. 7 found relative micromotions between 28 and 150 mm promoting osteointegration, whereas interface motions >150 mm cause connective tissue formation between bone and implant instead of stable bony integration. Therefore, torsional loads which occur during walking or stair climbing 8 are well known for impeding osteointegration. 5 Previous methods for determination of relative micromotions by initiation of physiological forces did not consider the patients' motion and thus the motion between the femoral head and the cup insert. [9] [10] [11] Depending on sliding friction, head size, and individual patient characteristics, high friction torques may result, 9 which in turn affect the torque transmission into the cup and therefore its primary stability. For this purpose, this study was designed to investigate the influence of frictional torque transmissions due to different bearing partners on primary stability of cementless pressfit cups by means of relative micromotions, using a novel spatial high precision measuring set-up. We expected to find higher relative micromotions of press-fit cups with ceramic on polyethylene (CoP) bearing partners due to higher friction coefficients compared with ceramic on ceramic (CoC) bearing partners.
METHODS

Theoretical Background
Friction torques were calculated for CoC as well as for CoP bearing partners with a standard head size of 32 mm and according to the physiological forces measured by Bergmann et al. 8 based on an average and constant friction factor for each of the two bearing partners. Average force curves in % body weight (% BW) resulted from four subjects (three men, one woman) at a normal speed when walking in the plane, 8 and where then converted to Newtons. The average gait cycle of 1.103 s was transformed into percentage. The individual amounts of forces were multiplied by the weight of a 70-75 years old man weighting 83.3 kg 12 ( Fig. 1 ). In this study, a simplified model for analyzing the primary stability of acetabular cups was used. For this reason the constant and speed-independent friction coefficient for CoC was set at m ¼ 0.044 and for CoP at m ¼ 0.063, 13 values which correspond to an average value, which can also be found in literature (range CoC: 0.02-0.10; CoP: 0.05-0.08). [13] [14] [15] [16] To obtain the friction torque acting on the artificial hip joint with CoC and CoP bearing partners, 400 interpolated force values occurring under physiological load conditions 8 were raised and multiplied with the two friction coefficients m CoC and m CoP . Since these force amounts represent normal forces, the following formula was used:
This allows calculating the respective frictional force curves depending on the human gait cycle (Fig. 2) .
Afterwards, frictional torques M which counteract between femoral head and cup insert were calculated depending on a head size of 32 mm,
whereby F R corresponds to the frictional force values on the interface and the radius r of the femoral head. The resulting friction torques are caused by three different rotational motions of the hip joint and therefore do not exclusively act in one direction. For the development of the set-up, only the direction of motion of the femoral head in the acetabulum was being considered. As already mentioned, a speed independent and constant friction factor was used for the calculations, therefore the curve gradients are approximated from Figure 3. The direction of femoral head motion is only determined by the sign (minus or plus) of the slope, the curve maxima describing a change of direction. This idealized view enables both standardization and simplification of the three joint angle curves (Fig. 4) .
The maximum resulting frictional torque (CoC ¼ 1.5 Nm; CoP ¼ 1.9 Nm) was divided into the three directions of motion of the hip joint. Flexion of the leg resulted in a positive torque of the Y-axis, abduction corresponded to a positive torque of the X-axis and internal rotation caused a positive torque of the Z-axis on the cup coordinate system (Fig. 5a ). Since acetabular cups are not implanted in 0˚position, but according to anatomical properties of the human pelvis, the world coordinate system of the cup was modified to an optimal inclination angle of 40å round the X-axis and an anteversion angle of 15å round the Z-axis referred to the world coordinate system 17 ( Fig. 5b ). The conversion around the Z-axis and the X-axis resulted in the following matrix, Figure 2 shows the resulting friction force curves each of the different bearing partners during the gait cycle. As a result of the lower friction coefficient of CoC, the resulting force curve of CoC (orange) is lower than the resulting force curve of CoP (gray). Since torques are to be applied to the cup coordinate system, the inverse matrix of matrix (5) has to be calculated. 
As the motion of the physiological hip joint consists of three rotations and thus, three torques acting around the regular coordinate system during physiological human motion, the torques of the converted coordinate system considering the optimum inclination and anteversion angles 17 could be calculated by the following inverse matrix: 
From these calculations, the following torque curvesfor example, those of the CoP bearing partner-could be determined (Fig. 6) . The fast change of direction of the hip joint during human physiological gait resulted in sharp increases in the individual torque curves, which is quite feasible through a fast-response system. The gait cycle with duration of 1.103 s was subdivided into 20 nominal torque sections with duration of 55 ms each. During such a section, a constant torque transfer was realized until the next section. To prevent an abrupt change at maximum load due to a change in the direction of rotation of the motors, "damping torques" of 2/3 of the current nominal torque values were transmitted 15 ms before each change of direction. These damping torques caused a softer change of direction. As a result, the used torque curves of this study are in turn comparable to the torque curves measured in vivo. 15 
Technical Realization
As a standardized replacement for cancellous bone of human pelvis we chose blocks of polymethacrylimide (ROHACELL . 18 Milling of the bone-foam implant site was carried out using the original mill in a standardized manner by using a special selfcentering drill unit with a defined rotation speed of 150/min and a feed speed of 10 mm/min. One cup (size 48, Plasmafit 1 , B. Braun Melsungen AG, Melsungen, Germany) was implanted into three foams in a standardized manner by means of a dropweight (m ¼ 2.5 kg) guided by a rod with a threaded joint. The dropweight was dropped three times from a level of 1.0 m and three times from 0.5 m (Fig. 7) . A press-fit of 1.5 mm was chosen to ensure a sufficient press-fit situation of the cup.
The torque transmission onto the cup was effected by three synchronous servomotors (ISK 3104.30/230, Igas mbH, Echterdingen), with a nominal torque of 3.0 Nm, a standstill torque of 3.7 Nm and a maximum torque transmission of 11.0 Nm. Torque commands were generated by means of LabVIEW 2012 (National Instruments, Austin, TX) and transmitted via SDO messages. The servomotors were arranged orthogonally to each other according to Figure 8 and represent the cup coordinate system. A 3D-lever arm for applying the torques M X , M Y , and M Z onto the cup was attached to the cup and connected via clutches with the servomotors (Giunti Oldham GOS-32, Orbit GmbH, Wolfenbuettel, Germany) (Fig. 8) . The transmitted LabView SDO messages were validated with a MCI-500 6 degrees of freedom (6-DOF) sensor (AMTI, Watertown, MA). For validation, the 6-DOF sensor was used to determine the actual Figure 5 . World coordinate system of the cup (a) and converted cup coordinate system (b). In order to keep the error of the coordinate transformation as low as possible, the world coordinate system was first rotated by the large inclination angle (X 0 , Y 0 , Z 0 ), followed by an additional rotation of the relatively small anteversion angle (X 00 , Y 00 , Z 00 ). 
THE EFFECT OF BEARING FRICTION TORQUES
2747 torque curves in the common pivot, which represents the center of rotation of the cup. For this purpose, the sensor was installed into the set-up instead of the implant. One side of the sensor was clamped in a vise and an adapter was attached to the opposite side. Torques were applied and consecutively adjusted between target values and actual values and were adjusted programmatically by means of point-to-point comparison.
Relative micromotions of the cup were measured by using a measurement system consisting of an aluminum measuring cube (40 Â 40 Â 40 mm) and a measuring frame containing nine eddy current sensors with a 3-3-3 arrangement and a resolution of 0.1 mm (Micro-Epsilon Messtechnik GmbH & Co. KG, Ortenburg, Germany). 19 In order to attach the measuring system, the acetabular cup had to be drilled with one borehole of a diameter of 1.9 mm before implantation in order not to impair the stability of the implant and to prevent loosening of the cup. The borehole was set at 8 mm below the acetabular rim, thus it is placed in the equatorial press-fit area. In this borehole, the measuring rod for measurements of the cup will be fixed. Before that, the spatial relative micromotions of both bearing partners CoC and CoP of the foam were measured by attaching the rod with superglue into the foam with a remaining foam wall thickness of 5 mm between rod and cup. After the measurements of the foam, an irreversible recess of 7 mm diameter was provided in the foam so that the cup and the existing cup borehole were exposed and thus could be measured. The measuring cube was clamped on the metal rod which in turn was attached either to the foam or to the cup. The measuring frame was aligned in parallel to the cube resulting in a perpendicular measuring distance of 1.0 mm for each sensor (Fig. 9 ). For measurements of both the foam and the cup, 3 repeated series of n ¼ 50 gait cycles were carried out.
Determination of Motion Data
Translational and rotational relative micromotions of each cube plane were determined by three sensors arranged in Lformation at each plane. Therefore, position vectors R X of each sensor served as the initial situation. Any subsequent position vectors due to the moved cube were taken as a function of 100% gait cycle and, consequently, resulted into 100 separate position vectors for each sensor during a single measuring cycle. From these position vectors the translational and rotational micromotions could be determined for each of the 100 points of the measurement by first calculating the normal vector N for each plane. The rotational micromotion was set as radian measure to constitute the actual interface micromotion of the equatorial rim. The translational micromotion is illustrated with reference in Zdirection and is defined as follows:
For each of the 100 points of measurement, a translation vector is created which consists of displacement in directions X, Y, and Z. Thereafter, each translation vector T i is subtracted from each translation vector T j , and subsequently the amount of each resulting vector is calculated. The maximum translational and rotational interface relative micromotions are then determined by the maximum respective amounts of the obtained vectors. Maximum interface relative micromotions of the repeated series of n ¼ 50 gait cycles result from subtracting the measured maximal relative micromotions of the foam and the cup, similarly to recently published studies. [19] [20] [21] [22] [23] This resulted in n ¼ 50 interface relative micromotion curves, which were averaged using the simple moving average method. Subsequently, according to Lenhoff et al. 24 the bootstrap method was used to form confidence intervals containing 93% of the measured values, corresponding to a deviation of only 2%. Maximum total relative micromotion was then determined by summing the translational and rotational micromotions by point-to-point comparison of the averaged interface micromotion curve over the whole gait cycle. The maximum simultaneous combined value represents the maximum total interface relative micromotion of the cup.
Statistics
Data are presented as total values of highest relative micromotions depending on CoC and CoP bearing partners as averages (MEAN) with standard deviation (SD). To identify differences between influences of a certain bearing partner concerning primary stability of the implanted cup, a MannWhitney-U-test was applied. A p-value <0.05 was considered significant. Table 1 shows that highest percentage deviation of torques prevail around the Z-axis. The repeatability of torques around the X-axis and the Y-axis is almost equally low. Torques around the Z-axis, however, have a relatively high degree of variability ( Table 1) . The nominal torques of the CoP and the CoC bearing partners can be converted into each other by the factor 1.43. This factor can be calculated from the friction coefficients used to calculate the friction torques (CoP ¼ 0.063, CoC ¼ 0.044). If the measured relative micromotions of CoC are multiplied by this factor, the measured relative micromotions of CoP should be obtained. According to this calculation, a slightly different factor of 1.49 could be determined, which represents only a deviation of 4.03%. Thus, this small deviation confirms the verification of a linear relationship between applied torque and measured relative micromotions considering the respective bearing partner.
RESULTS Validation
Graphic User Interface (GUI)
The mathematical determination of the interface micromotion was implemented into a MATLAB (The Mathworks Inc., Nattick, MA) program. The GUI shows the measured interface relative micromotions depending on the applied torque curves of all axes of the cup coordinate system exemplary for one CoC measurement (Fig. 10) . Each graph of each axis consists of 50 curves and each case contains 100 measured values. The maximum translational and rotational relative micromotions with the corresponding SDs and the calculated maximum total relative micromotions are displayed additionally on the GUI surface.
The averaged maximum relative micromotion due to cup rotation of three measurements of CoC was 8.99 AE 0.85 mm. In contrast, the average relative micromotion of CoP was 13.39 AE 1.43 mm. The averaged translational relative micromotion of CoC was 29.93 AE 1.44 mm and of CoP 39.91 AE 2.25 mm. The maximum total relative micromotion of CoC (37.10 AE 1.07 mm) and CoP (51.64 AE 2.18 mm) did not exceed the postulated threshold of 150 mm in any of the two bearing partners 7 ( Table 2 ). The lower relative micromotion of CoC in contrast to CoP was statistically significant for all the rotational, the translational and the maximum total relative micromotion (p < 0.05).
DISCUSSION
The results of our study conspicuously show that the relative micromotions of CoP were always higher than those of CoC. As a logical consequence, this fact results from the higher friction torques applied during CoP measurements. The rotational primary stability may be due to the form and the press-fit of the cup. Since the implant site used in the present work was equatorially smaller than the cup to be investigated, high tensions occurred between rigid foam and cup. These tensions, in this immediate postoperative primary state, may first result in bone remodeling processes and minimization of primary cup stability before secondary bone osteointegration of the cup will occur. Steens et al 25 noted that bone loss due to stress shielding is a common finding in conventional cementless arthroplasty. Pitto et al. 26 showed by their investigation of two different types of bearing partners (CoP and CoC) the change in bone density in the implant area. It turned out that in the cancellous bone area for both types of bearing partners a maximum bone loss of slightly over 30% occurred. Only after this loss of bone density has reduced the tension between press-fit cup and bone, the bone is expected to osteointegrate the implant, thus providing a secondary anchoring situation. They came to the conclusion that in order to confirm this prediction, the anchoring situation of the tested cup and the density of the bone surrounding the implant would need to be examined in a clinical in vivo long-term study.
In our study, the torque curves of the interface relative micromotions between cup and foam were smoothed using the simple moving average method, which is a standard method for smoothing motion curves or for example voice signals. Subsequently, a statistical confidence interval was performed on the motion curves of the interface relative micromotions between cup and foam using the bootstrap method. By means of the averaged curves of the individual axes, a common maximum interface micromotion was carried out on the one hand based on the rotation and on the other hand based on the translation of the cup. These separate methods allowed investigating both the rotational stability and the translational stability of the cup. Additionally we determined the maximum total relative micromotion combining both the translational and the rotational interface micromotions. An advantage of this method seems to consist in the fact that the anchoring quality of the cup can be determined and evaluated by means of three different parameters.
One of the main functions of our novel in vitro 3D-measuring set-up, which makes it different from other in vitro set-ups for determining the anchorage of artificial acetabular cups 10, 27, 28 consists in the fact that the motion of the hip joint is included in the testing procedure by three torque curves around three axes, the torques being quasi synchronously applied onto the cup. Additionally, a decisive advantage compared to previous studies, [20] [21] [22] [23] 29 where a 3-2-1 arrangement of the sensors was used, consists in the fact that with the measuring system used here the normal vectors of each plane X, Y, and Z are determined separately. This reduces the systematic error propagation and therefore causes higher measurement accuracy.
Since primary stability is a very important issue for good clinical long-term results of acetabular arthroplasty, there are similar in vitro studies analyzing primary stability of press-fit cups concerning different issues. No significant differences regarding the relative micromotions between the osteoporotic and the healthy bone could be found. 30 Buerkner dealt with the measurement of nine different press-fit cups implanted in foam blocks with regard to their relative micromotions depending on intact acetabular condition and different acetabular defects. Relative micromotions of all nine implants varied on average between 72.5-115.9 mm. 10 Ghosh et al. validated an FE model of intact synthetic pelvis and implanted one press-fit cup for preclinical investigations by measuring relative micromotions. They found that relative micromotions of the implanted cup along all three orthogonal axes were less than 30 mm. 28 Crosnier et al. implanted one single press-fit cup into synthetic bone models with two different bone densities analyzing the initial stability of the cup. They detected highest translational relative micromotion of 43.5 AE 0.7 mm with high density bone models and 79.5 AE 4.9 mm with low density bone models. They also calculated that maximum rotational relative micromotions of less than 40 mm may occur regardless of the respective bone density. 27 The present in vitro set-up for determination of relative micromotions of artificial acetabular cups is a novel concept and presents a new method of analyzing the anchoring of press-fit cups but first results seem to be very similar to already mentioned experimental studies. All three forms of relative micromotions, the maximum total, the translational as well as the rotational relative micromotionsresulting from the force transmission of the CoC and CoP bearing partners-were significantly lower than the limit value of 150 mm.
7 Accordingly, we may assume that the cup should be secondarily osteointegrated irrespective of the corresponding bearing partner.
Our study has several limitations. We used a constant and simplified friction model although several in vitro and in vivo studies showed that there is a speed-dependent and dynamic friction coefficient during the physiological human gait cycle. [13] [14] [15] [16] Nevertheless, the constant friction coefficient used in this study is located within the range of already mentioned studies analyzing dynamic friction coefficients. [13] [14] [15] [16] Thus, the values of the maximum resulting friction torques (e.g., CoP ¼ 1.9 Nm) used in this study are comparable to measured maximum in vivo friction torques (CoP ¼ 1.8 Nm). 15 Extreme loads, such as edge loading due to non-physiological angles of inclination or anteversion, cannot yet be covered by our set-up, but could be implemented programmatically for future studies. The same applies to the programmatic adaptation of any friction coefficient. We agree, that the use of only n ¼ 1 cup does not allow to make comprehensive statements. Due to our high repeatability we were in a position to carry out various measurements and to obtain significant results using the same cup. Nevertheless, this is a preliminary study essentially presenting a new method. The relevant aspect of using more than one of the same cup or different designs of cup models should be investigated in future studies. For standardization and in order to reduce variability, we used bone-like foam which does surely not represent native bone. Statements concerning biological procedures like secondary implant stability or osteointegration must be critically evaluated. We acknowledge that the spherical foam model used by us does not correspond to the commonly used pinching cavity. 27, [31] [32] [33] However, for the initial commissioning of our 3D-measuring set-up, a simplified model was used to generate as few potentially interfering factors as possible including comparison of various types of cup models. For the attachment of the rod, we had to bore the cup with a borehole of just 1.9 mm, but due to this small diameter we may infer that the primary stability of the cup will not be impaired or reduced. The borehole and the recess of the foam with a diameter of 7 mm is necessary to measure the motion of the cup and therefore inevitable. However, since sufficient material of the bone-foam remains after providing the borehole, we assume the influence of the borehole on the equatorial press-fit of the cup to be rather low. Although the in vivo measured resulting forces and kinematics of a hip joint were taken into account in the calculation of the friction coefficients and the resulting torque curves used in our study, 8, 13 we are aware that the upgrading of our set-up by the application of, for example, vertical hip joint forces would almost certainly reduce the cup motion and therefore the cup's primary stability would improve.
Prior to commissioning, the set-up has been validated by means of a 6-DOF sensor. For this purpose, LabVIEW commands of the actual torque curves around each axis have been adjusted to the corresponding target torques until the torque curves nearly coincided. In both bearing partners CoC and CoP, only relatively small average deviation of less than 14% was found and was therefore considered tolerable. Greater significance was attached to the reproducibility of the actual torque curves considering the average repeatability of torques around the axes X and Y of both bearing partners. The maximum percentage deviation from the actual torque curves was only 4.0%. The percentage deviation of torques of the Z-axis, however, differed more clearly, with the average deviation of the Z-axis for the CoP bearing partners being 5.7% and 9.8% for CoC. The reason for this high deviation from the actual torque curves of the Z-axis probably is the low nominal torque curve setting. Since for testing of cups, the torques around the Z-axis are by far the lowest contributors to the resultant total torque, the relatively high percentage deviation is tolerable with respect to repeatability.
CONCLUSION
The set-up described herein provides a simplified model for analyzing and comparing acetabular cups, taking into account one constant friction coefficient for CoC and CoP, respectively. Of course, these constant friction coefficients do not cover the real and in vivo friction coefficients under different lubrication conditions. Nevertheless, the constant friction coefficients used in this study lie in the middle range of already published friction coefficients under lubrication. [13] [14] [15] [16] Due to the higher friction coefficient of CoP compared to CoC, correspondingly higher friction torques result, which in turn cause larger interface relative micromotions of the cup. However, this increase of relative micromotions with respect to the CoP bearing partner does not necessarily mean that CoP will fail faster than CoC. Whether CoC or CoP can be clinically favored is being discussed controversially, since no clinically increased incidence of dislocation or failure of hip implants due to the respective bearing partner has been reported until now. 34, 35 Finally, the results of this study could be interpreted in such a way that relative micromotions for both CoC and CoP are within the acceptable range for secondary osteointegration of the examined acetabular cup. Nevertheless, the set-up described herein is quite a simplified model. In order to be able to make specific statements regarding the clinical transferability of our 3D-measuring set-up, comparisons between the results of our 3D-measurements and clinical studies of proven as well as failed cup models should be carried out.
